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a  b  s  t  r  a  c  t
Opisthacanthus  cayaporum  belongs  to  the  Liochelidae  family,  and  the scorpions  from  this  genus  occur
in  southern  Africa,  Central  America  and  South  America  and, therefore,  can  be considered  a  true  Gond-
wana  heritage.  In this  communication,  the  isolation,  primary  structure  characterization,  and  K+-channel
blocking  activity  of new  peptide  from  this  scorpion  venom  are  reported.  OcyKTx2  is  a 34 amino  acid  long
peptide  with  four  disulﬁde  bridges  and molecular  mass  of 3807  Da. Electrophysiological  assays  conducted
with  pure  OcyKTx2  showed  that  this  toxin  reversibly  blocks  Shaker  B K+-channels  with  a Kd  of  82  nM,eywords:
cyKTx2
corpion toxin
haker B K+-channel
Kv1.3
ymphocyte
pisthacanthus cayaporum
and  presents  an even  better  afﬁnity  toward  hKv1.3,  blocking  it with  a Kd  of  ∼18 nM.  OcyKTx2  shares
high  sequence  identity  with  peptides  belonging  to  subfamily  6  of  -KTxs  that  clustered  very  closely  in
the  phylogenetic  tree  included  here.  Sequence  comparison,  chain  length  and  number  of  disulﬁde  bridges
analysis  classify  OcyKTx2  into  subfamily  6  of  the  -KTx  scorpion  toxins  (systematic  name,  -KTx6.17).
© 2013  Elsevier  Inc.  All  rights  reserved.. Introduction
Voltage-gated potassium channels are proteins that allow the
assive and selective ﬂux of K+ ions across biological membranes.
+ channels are present in almost all phylogenetic classes and have
 broad tissue distribution. These integral membrane proteins are
nvolved in fundamental physiological processes of the cells, play-
ng a major role in a variety of functions, such as cell excitability,
ontrol of neurotransmitters release, hormones secretion, regula-
ion of ﬂuid secretion and lymphocyte activation [1].
Selective, high-afﬁnity, modulators of different types of K+ chan-
els are excellent tools to assess the functional role of speciﬁc
hannels. Among these, scorpion neurotoxins (KTx) are known to
nhibit several types of K+ channels. KTxs are 20–95 amino acid
eptides stabilized by two, three or four disulﬁde bonds, which
ake their tertiary structure highly stable. KTxs have the highly
onserved secondary structural arrangement / stabilized by cys-
eines (CS/) and, most of them, have conserved residues which
∗ Corresponding author. at: Laboratório de Toxinologia, Departamento de Ciên-
ias  Fisiológicas, Instituto de Ciências Biológicas, Universidade de Brasília, Brasília,
0910-900 DF, Brazil. Tel.: +55 61 31073106, fax: +55 61 31073107.
E-mail address: efschwa@unb.br (E.F. Schwartz).
196-9781/$ – see front matter © 2013 Elsevier Inc. All rights reserved.
ttp://dx.doi.org/10.1016/j.peptides.2013.04.021are responsible for block of the ion conduction pore and promote a
high afﬁnity binding within the K+ channel pore vestibule, such as
a lysine residue and an aromatic residue at 6.6 ± 1.0 A˚ from the 
carbon of that lysine, respectively [10].
Scorpion KTxs were originally classiﬁed into three families
named ,  and  [29], all of them have the above mentioned,
highly conserved, / structural arrangement. Latter, scorpion
KTxs presenting a different structural arrangement, with only
two -helices stabilized by two  disulﬁde bonds, CS/, were
described, and they were named -KTxs [6,28,4]. Among the almost
200 scorpion KTxs described until now (for a complete list see
http://www.uniprot.org/docs/scorpktx), the -KTx family contains
about 120 peptides thus far, which are classiﬁed in 23 subfamilies,
based on their amino acid homology [24,29,32].
Opisthacanthus scorpions belong to the Liochelidae family, and
can be found in southern Africa, Central America and South America
[18] and, therefore, can be considered a true Gondwana heritage.
Currently, this genus comprises 28 species. Work done with the
African scorpion O. madagacariensis, described the non-disulﬁde
bridged peptides (NDBPs) ISCT (1501.9 Da) and IsCT2 (1463.9 Da),
both with amidated C-terminal, and endowed with antimicrobial
and hemolytic activities [8,9]. In 2004, Yamaji and colleagues [31]
described IsTX, a sex-speciﬁc -KTX toxin, exclusively found in
the venom of O. madagascariensis males. IsTX (-KTx 6.11) has
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1 residues with the conserved CS- structure stabilized by four
isulﬁde bridges. IsTX shows high afﬁnity toward both voltage and
a2+-activated K+ channels. Additionally, IsTx presents great simi-
arity with HsTX1 (-KTx 6.3), a toxin isolated from Heterometrus
pinifer [16] that blocks Kv1.3 channels with picomolar afﬁnity [31].
In Brazil, the genus Opisthacanthus has two  species: O. bor-
oremai [17] and O. cayaporum.  O. cayaporum has no medical
igniﬁcance, and up to date there are only three studies published
oncerning this species: the proteomics [25] and transcriptome
27] of the venom gland, and the description of -KTx 2.5, an
nhibitor of hKv1.1, and hKv1.4 channels, having a higher afﬁnity
or Kv1.4 (IC50 = 71 M)  [4].
Here we describe the puriﬁcation and functional characteriza-
ion of a toxin denoted by the trivial name as OcyKTx2, which
tands for KTx 2 from the venom of O. cayaporum. This peptide falls
nto subfamily 6 of the -KTx scorpion toxins (systematic name,
-KTx6.17). OcyKTx2 is a 34 amino acid long peptide with four
isulﬁde bridges and molecular mass of 3807 Da that reversibly
locks Shaker B K+-channels with a Kd of 82 nM,  and presents an
ven better afﬁnity toward Kv1.3, blocking it with a Kd of ∼18 nM.
. Material and methods
.1. Venom source and puriﬁcation procedures
Individuals of O. cayaporum of both sexes, collected in Pal-
as, in the State of Tocantins, Brazil, under license from IBAMA
48/2007-CGFAU, were kept in appropriate terrariums in the Lab-
ratory of Toxicology at the University of Brasilia, where they
eceived water ad libitum and were fed periodically with cock-
oaches. Crude venom was obtained by electrical stimulation. The
aterial was extracted with water and centrifuged at 10,000 × g
or 10 min. The soluble supernatant was stored at −20 ◦C and sepa-
ated by high performance liquid chromatography (HPLC) in a C18
everse-phase analytical column (250 mm × 4.60 mm,  4 , Pheno-
enex, Inc., USA), using a linear gradient from 0% solvent A (0.12%
riﬂuoroacetic acid, TFA, in water) to 60% solvent B (0.10% TFA in
cetonitrile) in 60 min, at a ﬂow rate of 1 mL/min. The fraction of
nterest was pooled and further puriﬁed on the same column in
rder to obtain OcyKTx2 in homogeneous form.
.2. Amino acid sequence determination
Amino acid sequence determination of OcyKTx2 was  performed
y automatic Edman degradation in a Beckman LF 3000 Protein
equencer (Palo Alto, CA, USA), after adsorption of the sample into
D-Inmmobilon membranes, as described by the manufacturer.
.3. Mass spectrometry analysis
The OcyKTx2 was reconstituted in 50% acetonitrile with 1%
cetic acid and directly applied into a Finnigan LCQDUO ion
rap mass spectrometer (San Jose, CA) using a Surveyor MS
yringe pump delivery system and a C18 PicoFrit column/needle
75 mm × 10.1 cm), set on an xyz multi-axis translational stage
or optimizing the ESI signal. All spectra were obtained in the
ositive-ion mode. Data acquisition and deconvolution of data were
erformed on Xcalibur Windows NT PC data acquisition system.
.4. Alignment and phylogenetic analysis
OcyKTx2 was compared against all -KTxs described until now
for a complete list see http://www.uniprot.org/docs/scorpktx).
ultiple sequence alignments were performed by ClustalW
XL (at http://embnet.vital-it.ch/software/ClustalW-XXL.html) fol-
owed by manual adjustment. This result was subsequently usedes 46 (2013) 40–46 41
to build phylogenetic analysis and consensus sequences. In the
sequence matrix, all positions containing gaps and missing data
were eliminated. The Maximum Parsimony method with 500
Bootstrap replications and Close–Neighbor–Interchange algorithm
model on MEGA 5 software were used in the reconstruction of the
phylogenetic tree. The analysis involved 124 amino acid sequences.
2.5. Electrophysiological measurements
2.5.1. Shaker-B K+-channels
Insect Sf9 cells were grown at 27 ◦C in Grace’s media (Gibco
BRL). The cells were infected with a multiplicity of infection of
10, with a recombinant baculovirus (Autographa californica nuclear
polyhedrosis virus) containing the cDNA of Shaker-B K+-channels.
Electrophysiological recordings were conducted 48–72 h after the
infection, as previously reported [26]. Macroscopic currents were
recorded with the whole cell conﬁguration of the patch-clamp tech-
nique, with an Axopatch 1D (Axon Instruments, Inc.). The currents
were ﬁltered at 5 kHz and sampled every 100 s with a DigiData
1200 interface (Axon Instruments, Inc.). Electrodes were pulled
from borosilicate glass (KIMAX 51) to a 1–1.5 M resistance. 80%
of the series resistance was  electronically compensated. The hold-
ing potential used throughout the work was  −90 mV.  The recording
solutions were: external bath (in mM):  145 NaCl, 10 Ca2Cl, buffered
with 10 HEPES-Na at pH 7.2; internal pipette solution (in mM):  90
KF, 30 KCl, 10 EGTA, buffered with 10 HEPES-K at pH 7.2.
2.5.2. Kv1.3 channels
Lymphocyte separation: Kv1.3 currents were measured in
human peripheral T lymphocytes. Heparinized human peripheral
venous blood was obtained from healthy volunteers. Mononuclear
cells were separated by Ficoll–Hypaque density gradient centrifu-
gation. Collected cells were washed twice with Ca2+- and Mg2+-free
Hanks’ solution containing 25 mM HEPES buffer, pH 7.4. Cells were
cultured in a 5% CO2 incubator at 37 ◦C in 24-well culture plates
in RPMI 1640 medium supplemented with 10% fetal calf serum
(Sigma–Aldrich Kft, Budapest, Hungary), 100 g/mL penicillin,
100 g/mL streptomycin, and 2 mM L-glutamine at 0.5 × 106/mL
density for 3 to 4 days. The culture medium also contained 2.5
or 5 g/mL phytohemagglutinin A (Sigma–Aldrich Kft, Budapest,
Hungary) to increase K+-channel expression [11].
For the measurement of ionic currents standard whole-cell
patch-clamp procedures were performed. The bath solution
consisted of (in mM)  145 NaCl, 5 KCl, 1 MgCl2, 2.5 CaCl2, 5.5
glucose, and 10 HEPES, pH 7.35, supplemented with 0.1 mg/mL
bovine serum albumin (Sigma–Aldrich). The measured osmolar-
ity of the external solution was between 302 and 308 mOsm.  The
internal solution consisted of (in mM)  140 KF, 2 MgCl2, 1 CaCl2,
10 HEPES, and 11 EGTA, pH 7.22. Measurements were performed
using Axopatch 200A ampliﬁers connected to Axon Digidata 1200
data acquisition hardware (Molecular Devices, Sunnyvale, CA).
Pipettes were pulled from GC 150 F-15 borosilicate glass resulting
in electrodes having 3–5 M resistance in the bath. For data acqui-
sition and analysis, the pClamp9/10 software package (Molecular
Devices) was used. Before analysis, current traces were corrected
for ohmic leak and digitally ﬁltered (three-point boxcar smooth-
ing). Each data point on dose-response curve represents the mean
of 3 independent experiments, and error bars represent standard
error of the mean. Data points on the dose-response curve were
ﬁtted with a two  parameter Hill-equation: RF = KdH/(KdH + [Tx]H),
where RF is the Remaining Current Fraction (calculated as I/I0,
where I is the peak current measured in the presence of toxin and
I0 is the peak current in control solution), Kd is the dissociation
constant, H is the Hill-coefﬁcient and [Tx] is the toxin concen-
tration. Kd was also determined from Lineweaver–Burk analysis
(1/RF vs 1/[Tx]).
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Fig. 1. Puriﬁcation and characterization of OcyKTx2. (A) 1 mg of soluble venom
from O. cayaporum was  separated by HPLC in a C18 reverse-phase analytical col-
umn  (250 × 4.60 mm,  4 , Phenomenex, Inc., USA), using a linear gradient from 0%
solvent A (0.12% triﬂuoroacetic acid, TFA, in water) to 60% solvent B (0.10% TFA in
acetonitrile) in 60 min, at a ﬂow rate of 1 mL/min. The fraction eluting at 21.22 min
and  labeled with the asterisk was  submitted to a rechromatography in an analytical2 E.F. Schwartz et al. /
. Results
.1. Isolation and structural characterization of OcyKTx2
Fig. 1A shows the RP-HPLC chromatographic proﬁle of O. caya-
orum venom separated in an analytical column. Sixty different
hromatographic fractions were obtained. The fraction eluting at
1.22 min  was further puriﬁed in an analytical C18 reversed phase
olumn given a major component, labeled with an asterisk in the
ig. 1B.This component under mass spectrometry analysis showed
he presence of a single component with molecular mass of 3807
tomic mass units (a.m.u.) (Fig. 1C). The automatic amino acid
equence of the peptide gave a unique sequence, as indicated in
ig. 2. The theoretical molecular mass obtained for this amino acid
equence was 3806.61, very close to the experimentally obtained
alue.
OcyKTx2 is a basic peptide with an isoelectric point (pI) of 8.92.
n the basis of chain length, number of disulﬁde bridges, sequence
imilarity and the conditions established by [29], OcyKTx2 belongs
o the subfamily -KTx6, containing four disulﬁde-bridges (Fig. 2),
nd we propose its systematic classiﬁcation as -KTx6.17. The phy-
ogenetic analysis built by the Maximum Parsimony (MP) method
s presented in Fig. 3 that shows the results of an unrooted phyloge-
etic tree, where it was possible to group the OcyKTx2 into the same
ranch of most of -KTx6 peptides, supporting its classiﬁcation as
-KTx6.17.
.2. OcyKTx2 block of Shaker B and Kv1.3 channels
The physiological effect of OcyKTx2 was investigated in the Sf9
ell culture system, expressing the Shaker B K+-channel, and in the
uman lymphocyte expressing Kv1.3 channel, as shown in Fig. 4.
he traces in Fig. 4A show that the addition of 1 M OcyKTx2 to
he bath solution completely and reversibly inhibits the K+ current
hrough Shaker-B channels. We also found that OcyKTx2 reversibly
locks Kv1.3 currents in human T lymphocytes (Fig. 4B). The dose-
esponse relationships of OcyTx2 for the inhibition of both Shaker-B
nd Kv1.3 channels, obtained from experiments as in A & B, are
resented as the Lineweaver–Burk reciprocal-plot in Fig. 4C. The
issociation constants obtained from the corresponding slopes are
3.5 nM and 18.0 nM for Shaker-B and Kv1.3, respectively. The direct
ose-response relationships are shown in Fig. 4D for the inhibition
f the Shaker-B and Kv1.3 currents by OcyTx2. Fitting the Hill equa-
ion to the data points (Fig. 4D, solid lines) yielded Kd = 96.6 nM,
H = 1.00 and Kd = 17.7 nM,  nH = 1.10, respectively, in close agree-
ent with the values obtained with the double-reciprocal plot of
he points, which indicates that the toxin binds to channels with
 1:1 stoichiometry. Fig. 4E shows the current-voltage relationship
btained for Kv1.3 using a voltage-ramp protocol, thereby allowing
he determination of the activation threshold of the Kv1.3 current
n control solution and in the presence of OcyTx2, Fig. 4E shows
hat the activation threshold of Kv1.3 does not change upon treat-
ent with 20 nM OcyKTx2, and conﬁrms that this peptide does
ot affect the voltage-dependence of the activation gating of the
hannel. Thus, the reduction of the peak currents in the presence
f OcyKTx2 is a consequence of blockage of the K+ current rather
han an overt shift in the voltage-dependence of gating.
. Discussion
Herein we have described the functional characterization of
cyKTx2, a 34 amino acid long peptide with four disulﬁde bridges
nd a molecular weight of 3807 Da. OcyKTx2 is the second KTx that
as been puriﬁed and characterized from O. cayaporum scorpion
enom. Based on sequence alignment, identity and phylogenetic
C18 reverse-phase column and run from solution A to 35% solution B in 45 min (B).
The  major component is pure OcyKTx2. (C) The mass spectra of OcyKTx2 obtained
in  a Finnigan LCQDUO ion trap mass spectrometer (San Jose, CA).
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%I
Q10726|PANIM|alpha-KTx6.1      ------LVKC RGTSDCGRPC QQQTGCPNSK CINRMCKCYG -C--- 55.0
P80719|SCOMA|alpha-KTx6.2      -------VS C TGSKDCYAPC RKQTGCPNAK CINKSCKCYG -C--- 61.0
P59867|HETSP|alpha-KTx6.3      -------AS C RTPKDCADPC RKETGCPYGK CMNRKCKCNR -C--- 47.0
P58498|PANIM|alpha-KTx6.4      ----IEAIRC GGSRDCYRPC QKRTGCPNAK CINKTCKCYG -CS-- 64.0
P58490|PANIM|alpha-KTx6.5      ----DEAIRC TGTKDCYIPC RYITGCFNSR CINKSCKCYG -CT-- 61.0
Q6XLL9|OPICA|alpha-KTx6.6      -----EVIKC RTPKDCAGPC RKQTGCPHGK CMNRTCRCNR -CG-- 50.0
Q6XLL8|OPICA|alpha-KTx6.7      ----AEVIKC RTPKDCADPC RKQTGCPHGK CMNRTCRCNR -CG-- 47.0
Q6XLL7|OPICA|alpha-KTx6.8     ----AEVIKC RTPKDCADPC RKQTGCPHAK CMNKTCRCHR -CG-- 41.0
Q6XLL6|OPICA|alpha-KTx6.9     ----AEIIRC SGTRECYAPC QKLTGCLNAK CMNKACKCYG -CV-- 58.0
Q6XLL5|OPICA|alpha-KTx6.10     ----AEVIRC SGSKQCYGPC KQQTGCTNSK CMNKVCKCYG -CG-- 70.0
P0C194|OPIMA|alpha-KTx6.11    ---VHTNIPC RGTSDCYEPC EKKYNCARAK CMNRHCNCYN NCPWR 44.0
P0C166|ANUPH|alpha-KTx6.12    ------QKEC TGPQHCTNFC RKN-KCTHGK CMNRKCKCFN -CK-- 47.0
P84094|HETSP|alpha-KTx6.13     -------IR C SGSRDCYSPC MKQTGCPNAK CINKSCKCYG -C--- 64.0
P84864|HADGE|alpha-KTx6.14     -----TGTSC ISPKQCTEPC RAK-GCKHGK CMNRKCHCML -CL-- 47.0
P85528|HEMLE|alpha-KTx6.15     -------IK C TLSKDCYSPC KKETGCPRAK CINRNCKCYG -CS-- 58.0
C5J896|OPICY|alpha-KTx6.16     NGNIKTDIKC YRNSHCNFHC EKSYYCQGSK CVRKRCNCYN -CPL - 35.0
P86116|OPICY|alpha-KTx6.17     -------IR C QGSNQCYGHC REKTGCMNGK CINRVCKCYG -C--- 100.0
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aig. 2. Sequence alignment of OcyKTx2 (-KTx6.17) with other -KTx subfamily 6 m
f  subfamily 6, and the % identity to OcyKTx2 are shown.
ree analysis we propose that OcyKTx2 belongs to the KTx6 family
f scorpion toxins and thus its systematic name is -KTx6.17.
It is interesting to note that all KTx6 peptides were identi-
ed in non-Buthidae scorpions, and since Buthidae scorpions are
ostly studied because of their medical importance, it seems
hat KTx6 peptides are restricted to the Iurida (suborder) and to
he superfamily Scorpionoidea, which includes the Bothriuridae,
iochelidae, Scorpionidae, and Urodacidae families. Except for -
Tx6.11 (IsTX from O. madagascariensis)  and -KTx6.16 (OcyC12,
ig. 3. Phylogenetic analysis of OcyKTx2 and all other -KTx peptides. Circles indicate 
nd  ﬁlled circle indicates OcyKTx2 (-KTx6.17). peptides retrieved from http://www.uniprot.org/docs/scorpktx. All of the members
a putative sequence described in the cDNA library of O. caya-
porum), all other -KTx6 peptides were included in the same
branch in the phylogenetic tree (Fig 3). In this branch were also
included Vm23 and Vm24, puriﬁed from Vaejovis mexicanus smithi,
two peptides belonging to -KTx7 family from Pandinus impera-
tor (UniProtKB P55927 and P55928), and Parabutoxin-3 (-KTx1.10
from Parabuthus transvaalicus, UniProtKB P83112). The last one is
the only peptide belonging to a Buthidae scorpion included in this
branch.
-KTx subfamily 6 member peptides: open circles indicate -KTx6.1 to -KTx6.16,
44 E.F. Schwartz et al. / Peptides 46 (2013) 40–46
Fig. 4. OcyKTx2 block of Shaker B and Kv1.3 channels. (A) OcyKTx2 blocks Shaker B currents expressed in Insect Sf9 cells in a reversibly manner. Whole-cell currents were
recorded applying 30-ms depolarizing pulses to +50 mV from a holding potential of −90 mV  with 30 s intervals to allow full recovery from inactivation. 1 M OcyKTx2
completely inhibited the K+ current. (B) OcyKTx2 reversibly blocks whole-cell Kv1.3 currents in human T lymphocytes. K+ currents were evoked by 15-ms-long test pulses
to  +50 mV  from a holding potential of −100 mV.  Test pulses were applied every 15 s. (C) Linear dose-response relationship of OcyKTx2 on Shaker B and Kv1.3 channels. 1/RF
is  plotted as a function of the reciprocal of toxin concentration, where RF is the remaining current fraction, deﬁned as the ratio of the current amplitudes in the presence and
the  absence of the toxin. The slope of the least squares line gives 1/Kd, where Kd is the dissociation constant. The ﬁts yielded Kd = 93.5 nM for Shaker B and Kd = 18.0 nM for
Kv1.3. (D) Direct dose–response curve of OcyKTx2 for Shaker B and Kv1.3 channels. Fitting the Hill equation to the data points yielded Kd = 96.6 nM,  nH = 1.00 and Kd = 17.7 nM,
nH = 1.10, respectively. (E) Whole-cell Kv1.3 currents measured on human T lymphocytes to determine whether OcyKTx2 changes the activation threshold of the channels.
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vhis  was  tested by applying voltage ramps running from −120 mV to +40 mV in 200 m
id  not affect the activation threshold of Kv1.3.
Most scorpion KTxs are three disulﬁde-bounded peptides. All
embers of -KTx6 subfamily possess four S-S bridges. Other KTxs
hat possess four disulﬁde bridges are -KTx12.1 to -KTx12.4 from
ityus (Buthidae) genus species, known as butantoxin-like pep-
ides, and the two -KTx21 peptides, Vm23 and Vm24, puriﬁed
rom Vaejovis mexicanus smithi,  belonging to the Iurida suborder
corpion.
Butantoxins inhibit high-conductance Ca2+-activated and
haker-B K+ channels [7,20], whereas Vm24 selectively and irre-
ersibly blocks Kv1.3 channels of human T lymphocytes at pMrow indicates the activation threshold of the current. Application of 20 nM OcyKTx2
concentrations, and it is much less active on KCa3.1 and hKv1.2
channels [30]. Similarly to the vast majority of scorpion KTxs,
OcyKTx2 reversibly blocks Shaker B K+ channels with a Kd of 82 nM
and the Shaker-related Kv1 family member Kv1.3 channel with a
Kd of 18 nM.4.1. Comparison with other scorpion peptides
Comparative analysis of OcyKTx2 amino acid sequence against
those from databanks shows that it has a 70% identity to -KTx6.10
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OcKTx5, UniProtKB Q6XLL5), a putative peptide identiﬁed in the
ranscriptome of Opistophthalmus carinatus. Indeed, in the phylo-
enetic tree (Fig. 3), OcKTx5 is the most related peptide of OcyKTx2.
n the other hand, OcyKTx2 presents 64% identity to Pi4 (-KTx6.4,
niProtKB P84094), a K+ channel inhibitor puriﬁed from Pandinus
mperator (Scorpionidae). Pi4 potently and reversibly blocks Kv1.2,
haker-B, and small conductance (SK) KCa channels [21], but is has
o effect on Kv1.1 and Kv1.3 channels [19]. Finally, and interest-
ngly, the lowest identity (35%) of OcyKTx2 with other members of
he -KTx6 family peptides is the one with -KTx6.16 (OcyC12),
 precursor sequence identiﬁed in the same scorpion, O. cayapo-
um, whose mature sequence has not yet been identiﬁed in the
enom [27]. This distance between these latter two peptides iden-
iﬁed from the same species (O. cayaporum) was also observed in
he phylogenetic analysis (see Fig. 3).
.2. Pharmacological proﬁle
Despite structural similarities, -KTx6 peptides differ in their
harmacological proﬁles. In general, -KTx6 peptides have speciﬁc
ctivity for the Shaker related voltage gated K+-channels. How-
ver, some peptides act on one Kv1 channel subtype and also
lock calcium dependent K+-channels. HsTx1 (-KTx6.3) potently
locks Kv1.1 and Kv1.3 whereas it does not compete with 125I-
pamin binding onto SK channels from rat brain synaptosomes
16]. Anuroctoxin (-KTx6.12) is a high-afﬁnity blocker of human T
ymphocytes Kv1.3 channels, and does not block the Ca2+-activated
KCa1 K+ channels either [2]. HgeTx1 (-KTx6.14) blocks Shaker-B
ith a Kd of 52 nM [26]. MTX  (-KTx6.2) is a potent and selective
nhibitor of the intermediate (IK) conductance Ca2+-activated and
f Kv1.2 K+ channels [5,14,15]. Pi1 is inactive on Kv1.1 and Kv1.3
p to micromolar concentrations, but acts on Kv1.2 and Shaker-
 channels with nanomollar afﬁnity. IsTX (-KTx6.12), a peptide
solated from Opisthacanthus madagascariensis,  binds to Kv1.3 with
ow (M)  afﬁnity [31].
Most of the -KTxs have a common functional dyad (e.g., see
10] and references therein cited), from which the most impor-
ant residue is a conserved positively charged residue, as Lys27 in
harybdotoxin (ChTx), or Lys23 in anuroctoxin, MTX  and HsTX1.
ndeed, all -KTx6 peptides have a positively charged residue in
his position, mostly a Lys, but an Arg in Pi7 (-KTx6.5). Structure-
unction studies carried out by site-directed mutagenesis of several
corpion toxins have demonstrated that this lysine is critical for
he interaction with K+ channels by inserting its side chain into the
hannel pore [12,13,23]. In agreement with the latter is the demon-
tration that, although having high identity between Pi7 and Pi4,
he substitution of lysine (in Pi4) for arginine (in Pi7) at position 26
esults in a complete loss of inhibition of the Shaker channels by
i7 [21].
The second residue of the dyad is a hydrophobic residue (mostly
yr) at the C-terminus, such as Tyr36 in ChTx, and Tyr32 in MTX,
eing fully exposed on the ﬂat interaction surface of the peptide and
he channel. Eleven out of the seventeen -KTx6 peptides known
ave a tyrosine as the hydrophobic residue. A phenylalanine is
resent in anuroctoxin (-KTx6.12), and a methionine in HgeTx1
-KTx6.14), both acting on K+ channels with nM afﬁnity. The other
-KTx6 peptides have either an asparagine in this position (-
Tx6.3, -KTx6.6 and -KTx6.7) or a histidine (-KTx6.8). Among
hese last four peptides, only HsTx1 (-KTx6.3) has been puriﬁed
rom the venom gland and tested on K+ channels. Surprisingly, it
nhibits Kv1.3 at pM concentration [16]. The sequence alignment
f OcyKTx2 and other -KTx6 toxins suggests the presence of both
esidues of the dyad, the Lys23 and Tyr32 in OcyKTx2.
In summary, we have isolated, puriﬁed, and functionally char-
cterized a novel -KTx toxin, OcyKTx2 (-KTx 6.17), which acts on
oth Shaker B and Kv1.3 channels at nM concentration. The number
[
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of K+- channel inhibitors identiﬁed in animal venoms, particularly
scorpions, rises every year and undoubtedly these peptides will
continue to be used as valuable tools to elucidate the special roles
of individual channels in cell physiology. It is noteworthy that these
inhibitors are turning out to be as diverse as their K+ channel tar-
gets.
Some of the high afﬁnity blockers of K+ channels have therapeu-
tic potential as well. Among these are the high afﬁnity and selective
peptide blockers of Kv1.3 channels isolated from scorpions and sea
anemone [22]. Block of Kv1.3 channels inhibits the proliferation
of effector memory T cells in humans and rats thereby causing a
selective immunosuppression which manifests in improved clini-
cal scores of experimental animal models of multiple sclerosis and
rheumatoid arthritis [3]. Further experiments are needed to deﬁne
the selectivity proﬁle of OcyKTx2 for different ion channels and
thus evaluate its therapeutic potential.
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